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Introduction
Odontoclasts are multinuclear cells that are primarily involved in the resorption of dental hard tissues (Sahara et al. 1996) . They have similar morphological structure and biological function as osteoclasts that absorb bone tissue. Both are multinucleated giant cells with special membrane structures such as clear zones and a ruffled border; they are characterized by abundant mitochondria and large, pale vacuoles in their cytoplasm (Sahara et al. 1996) . These two cell types can form a closed resorption region after migration and adhesion to their specific mineralized hard tissue. They then produce resorption lacunae by secreting H + and matrix-degrading enzymes (such as cathepsin K) (Oshiro et al. 2001 , Wang & McCauley 2011 . Compared with osteoclasts, odontoclasts are generally smaller in size, and once they become multinucleated, they have fewer nuclei and form smaller resorption lacunae; furthermore, their resorption sites are restricted to hard tooth tissue (Sasaki 2003 , Harokopakis-Hajishengallis 2007 .
The specific mechanisms of the origin, fusion, differentiation and resorption function of odontoclasts are still not clear. It is generally believed that odontoclasts differentiated from tartrate-resistant acid phosphatase (TRAP)-positive mononuclear cells, which presumably originate from circulating progenitor cells (Sasaki 2003) . The dental pulp may have some cytokine-producing cells that mediate the monocytemacrophage lineage to form osteoclasts/odontoclasts, and the RANKL-RANK system might be involved in tooth resorption (Uchiyama et al. 2009 , Yamaguchi et al. 2013 , Nakano et al. 2015 . As a member of the tumour necrosis factor (TNF) ligand superfamily, the receptor activator of nuclear factor-jB ligand (RANKL) activates nuclear transcription factors such as nuclear factor-jB (NF-jB) and nuclear factor of activated T-cells cytoplasmic 1 (NFATc1) by interacting with the surface receptor of osteoclast precursor cells, the receptor activator of nuclear factor-jB (RANK), to upregulate the expression of osteoclast marker genes. Ultimately, this interaction promotes osteoclast precursor cells (monocytes) to differentiate and fuse into mature, multinucleated cells with resorption activity (Boyle et al. 2003) .
Infection is a common cause of external and internal tooth resorption. Lipopolysaccharide (LPS), a component of the outer membranes of all Gram-negative bacteria, is the first bacterial component shown to be capable of inducing bone resorption in vitro (Shuto et al. 1994) . LPS induces the production of cytokines, including TNF-a, by fibroblasts, macrophages and other cells that are able to induce osteoclast formation and activation (Mizutani et al. 2013) . Moreover, LPS can promote osteoclast differentiation, fusion, survival and activation independent of IL-1, TNF-a and RANKL (Suda et al. 2002 , Itoh et al. 2003 , Inubushi et al. 2012 . Orthodontic trauma is another important cause of dental hard tissue resorption (Killiany 1999 , Harris et al. 2001 . When there are external forces acting on a tooth, the pressure is transmitted to the root and alveolar bone via the periodontal ligament, causing the periodontal tissue and alveolar bone on the pressure-affected side to experience circulatory disturbances and tissue hypoxia. Hypoxia results in an increase in the levels of reactive oxygen species (ROS) that cause tissue injury. Additionally, in hypoxic conditions, enhanced anaerobic metabolism leads to the accumulation of acidic metabolites, causing the demineralization of tooth hard tissue (Niklas et al. 2013 , Golz et al. 2014 , Romer et al. 2014 . Studies show that appropriate concentrations of ROS can promote the bone resorption function of osteoclasts (Callaway & Jiang 2015) ; therefore, it can be proposed that ROS act as intracellular signal mediators for osteoclast differentiation (Lee et al. 2005) . Thus, it is essential to study the regulatory effects of LPS on ROS in the process of odontoclast formation.
The MDPC-23 cell line was developed as a spontaneously immortalized cell line derived from the 18-day-old CD-1 foetal mouse mandibular first molar papilla cells, which are able to synthesize dentine-specific protein (DSP); these papilla cells are commonly viewed as being of odontoblast lineage (Hanks et al. 1998) . Dental papilla cells derived from the ectomesenchyme are precursor cells with strong proliferation and differentiation abilities; they can further form odontoblasts or be mineralized into dentine (Tziafas & Kodonas 2010) . A recent study confirmed that RANKL/M-CSF might induce odontoblast-like MDPC-23 cells to generate odontoclast-like cells or to function as odontoclasts (Duan et al. 2013) . Thus, the MDPC-23 cell line can be regarded as a good cell model to study the possibility of generating odontoclasts directly from dental pulp/papilla cells.
MDPC-23 cells were treated with LPS and then observed to determine whether this treatment induced the cells to have odontoclast-like function and express osteoclast marker proteins, such as tartrate-resistant acid phosphatase and cathepsin K (CTSK). It was hypothesized that MDPC-23 odontoblast-like cells may function as odontoclasts with the induction of LPS to some extent.
Materials and methods

Cell culture
MDPC-23 cells were cultured in alpha minimum essential medium (a-MEM, Life Technologies, Grand Island, NY, USA) containing 10% foetal bovine serum (FBS) (Gibco, Grand Island, NY, USA) at 37°C in a 5% CO 2 -humidified atmosphere. The addition of 0.1 or 1 lg mL À1 Escherichia coli LPS (0111:B4; Sigma,
Cell counting kit-8 (CCK8)
MDPC-23 cells were seeded at a density of 1.5 9 10 4 cells mL À1 in a 96-well plate with a-MEM containing 10% FBS (with or without LPS treatment), and blank group without cells was also prepared. After 2, 4 and 6 days, 10 lL of CCK-8 solution (DojinDo, Kumamoto, Japan) was added to the wells in the dark. Then, the plate was replaced in the incubator for 2 h, after which the absorbance was measured by a microplate reader (BIO-TEK, Winooski, VT, USA) at an excitation wavelength of 450 nm.
TRAP staining
MDPC-23 cells were seeded at a density of 1 9 10 5 cells mL À1 in 6-well plates. After induction with LPS for 6 days, both induced cells and control cells were stained for TRAP using the Acid Phosphatase, Leucocyte (TRAP) Kit (Sigma, 386A) according to the manufacturer's protocol. The TRAP-stained cells were then counterstained with DAPI. Slides were observed under a microscope (Zeiss, Oberkochen, BW, Germany). The number of TRAP-positive multinucleated cells (≥3 nuclei) was counted in 10 random fields of view and compared between the two treatment groups and the control group.
Dentine resorption assay
MDPC-23 cells were cultured on dentine discs (Immunodiagnostic Systems Inc., Gaithersburg, MD, USA) in a 96-well plate with a-MEM containing 10% FBS (with or without LPS treatment). After 6 days, the dentine slices were rinsed with 6% NaOCl for 5 min and wiped with cotton swabs. The dentine slices were stained with 1% sodium borate and 1% toluidine blue at room temperature for 30 s. Then, the resorption lacunae (pits) were observed with a metallographic microscope. Finally, 10 random fields of view were analysed by Image J software (National Institutes of Health, Bethesda, MD, USA), and the average area of the resorption lacunae in every view was counted.
Reactive oxygen species (ROS) detection by confocal laser scanning microscope MDPC-23 cells were seeded at a density of 5 9 10 4 cells mL À1 on a 25-mm cover slip in a culture dish (Sigma) with a complete medium containing 0 or 1 lg mL À1 LPS separately. Three days later, the cover slips were transferred to the living cells observation chamber at 37°C in a 5% CO 2 -humidified atmosphere, and 1 mL a-MEM containing 0 or 1 lg mL À1 LPS was added. After adjusting the focus length and software settings, 5 lmol L À1 dihydrorhodamine (Sigma) was added to the chamber, and the level of intracellular ROS was tested and recorded via a 60-min video of the living cells with a confocal laser scanning microscope.
Western blot analysis
Cells were washed with PBS and lysed with RIPA lysis buffer (Shanghai Biocolor Bioscience & Technology Company, Shanghai, China). Equal amounts of protein were loaded onto SDS-PAGE gels, separated and transferred to PVDF membranes. The membranes were then treated with primary antibodies against TRAP (GeneTex, Irvine, CA, USA), cathepsin K (Abcam, Cambridge, MA, USA), RANKL (Abcam), RANK (Abcam), TRAF6 (Millipore, Danvers, MA, USA) and Rac1 (Cell Signaling Technology, Danvers, MA, USA). A b-actin antibody (Abcam) was used to detect b-actin as a protein loading control. Immunoreactivity was visualized with horseradish peroxidase-linked goat serum (Abcam) and chemiluminescence. Quantification was performed by densitometry using Image J software (National Institutes of Health).
RANKL ELISA (enzyme linked immunosorbent assay)
MDPC-23 cells were seeded at a density of 5 9 10 4 cells mL À1 in 24-well plates with corresponding a-MEM by group. The RANKL ELISA kit (USCN Life, Wuhan, China,) was used following the protocols supplied by the manufacturer. The supernatant was collected and filtered on days 0, 2, 4 and 6. The levels of RANKL were assessed by a microplate reader at 450 nm and normalized with the abundance of standard solution.
Statistical analysis
The data are presented as the mean AE standard deviation (SD) and were analysed by SPSS 17.0 software (IBM, Armonk, NY, USA). Comparisons between two groups were performed using an unpaired Student's ttest, and comparisons amongst multiple groups were made using one-way ANOVA. If there were significant differences, comparisons between several experimental groups and a control group were performed using Dunnett's t-test, and comparisons between groups were performed using the Bonferroni correction. The difference was considered to be statistically significant when the P value was <0.05. Each experiment was repeated three or four times, and more than three samples per condition were used.
Results
The influence of LPS on MDPC-23 cell proliferation
The test results revealed that there were no significant differences in the OD values of the 0.1 and 1 lg mL À1 LPS treatment groups and the control group on days 2, 4 and 6 (Fig. 1) .
LPS-induced odontoclast-like function in MDPC-23 cells
The TRAP-positive multinucleated cells (≥3 nuclei) were regarded as odontoclast-like cells. Compared with the number of odontoclast-like cells in the control group, the number of odontoclast-like cells showed a 4.6-fold increase in the 1 lg mL À1 LPS treatment group (P < 0.05). Meanwhile, there were no significant differences in the number of odontoclast-like cells in the 0.1 lg mL À1 LPS treatment group and the control group (P > 0.05; Fig. 2a ). In addition, on the dentine slices observed with a metallographic microscope, rounded, oval-shaped and continuous sausage-shaped resorption lacunaes were observed in the two LPS-treated groups, but none were observed in the control group. The average size of the resorption pits in the 1 lg mL À1 LPS treatment group was ninefold greater than that in the control group (P < 0.05), and there was no significant difference in pit size between the 0.1 lg mL À1 LPS treatment group and the control group (P > 0.05; Fig. 2b ).
LPS-induced changes in the protein expression of MDPC-23 cells
The protein expression of osteoclast markers (TRAP and cathepsin K) and the RANKL-RANK signalling pathway (RANKL, RANK and TRAF6) was confirmed by Western blotting. The expression levels of TRAP and cathepsin K were increased 1.74 times and 2.0 times, respectively, in the 1 lg mL À1 LPS treatment group in comparison with the control group (P < 0.05; Fig. 3a) . Nevertheless, the expression levels of proteins in the RANKL-RANK signalling pathway, such as RANKL, RANK and TRAF6, did not change (P > 0.05; Fig. 3b ).
LPS-induced changes in ROS production and regulated protein expression in MDPC-23 cells
ROS detection was implemented by recording a 60-min video of living cells using a confocal laser scanning microscope. The result showed that there was ROS production only in the 1 lg mL LPS treatment group (Fig. 4a) . The expression of Rac1, an ROS-regulated protein, was approximately 3.4-fold higher in the 1 lg mL À1 LPS treatment group than that in the control group (P < 0.05), whilst that of the 0.1 lg mL À1 LPS treatment group did not change (P > 0.05; Fig. 4b ).
RANKL expression in the supernatants of MDPC-23 cells
The expression level of RANKL in the supernatants of MDPC-23 cells was tested by ELISA. At days 0, 2, 4 and 6, RANKL expression has been detected in all groups, but there were no significant differences between the LPS-treated group and the control group at the same time (P > 0.05; Fig. 5 ). However, in all of three groups, the secretion of RANKL was significantly increased on day 2, comparing with days 0, 4 and 6 (P < 0.05; Fig. 5 ).
Discussion
Similar to the osteoclast, the odontoclast is a type of terminally differentiated cell that cannot proliferate or Figure 1 The influence of LPS on MDPC-23 cell proliferation. OD values of the 0.1 lg mL À1 and 1 lg mL À1 LPS treatment groups and the control group on days 2, 4 and 6.
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undergo mitosis but is produced from the fusion of mononuclear progenitor cells. The isolation and culturing of odontoclasts in vitro are difficult and require a large quantity of cells, which greatly limits the research on odontoclasts. MDPC-23 cells are internationally recognized as an odontoblast cell line (Sahara et al. 1996) . One study found that MDPC-23 cells could generate TRAP-positive multinucleated cells able to resorb dentine following induction by RANKL/ M-CSF (Duan et al. 2013) . Thus, the present study induced MDPC-23 cells with LPS to observe the influence of this treatment on odontoclastogenesis.
As a primary component of the outer membranes of Gram-negative bacteria, LPS is considered to be a potential stimulating factor for bone loss in vivo, and it is an important pathogenic factor of inflammatory bone resorption diseases, such as inflammatory arthritis, periodontitis and periapical periodontitis. In animal experiments, the application of LPS directly on pulp caused periapical bone resorption, and the LPS inhibitor polymyxin B (PMB) reducsed 76 to 80% of the periapical bone resorption (Hong et al. 2004) . In this study, it was found that in the 1 lg mL À1 LPS treatment group, a significantly increased number of the TRAP-positive multinucleated cells (≥3 nuclei) occurred and average size of the resorption pits increased. Therefore, we believed that treating MDPC-23 cells with 1 lg mL À1 of LPS-induced odontoclastlike characteristics.
Research has revealed that LPS induces osteoclast formation by stimulating osteoblasts to secrete RANKL (Tang et al. 2011) , which is considered to be the key factor in regulating the formation and bone loss of osteoclasts/odontoclasts. Additionally, LPS also prompted osteoblasts, osteoclast precursors and macrophages to produce a series of inflammatory factors, such as TNF-a, IL-1, IL-6 and PGE2 (Rossol et al. 2011 , Mizutani et al. 2013 , Guo et al. 2014 , which There were blue-violet-staining resorption pits in the two treatment groups (bars = 50 lm), and the average size of the resorption pits in the 1 lg mL À1 LPS treatment group was significantly greater than that in the control group (P < 0.05).
could stimulate osteoblasts and osteoclast precursors to secrete RANKL to promote osteoclast formation and bone loss (Inubushi et al. 2012 , Boyce 2013 . The recent study found that after LPS treatment, the protein expression levels of RANKL, RANK and TRAF6 in MDPC-23 cells did not change significantly, and the RANKL expression levels in the cell culture supernatants were not affected. Thus, whether RANKL played a role in promoting the odontoclast formation process induced by LPS still needs further exploration.
In addition, LPS could directly affect osteoclast differentiation via TLR4 (Li et al. 2014) . As the primary receptor involved in the recognition of LPS, TLR4 is expressed by osteoclasts and macrophages (Itoh et al. 2003) . Because osteoclasts are a mononuclear phagocyte line derived from hematopoietic stem cells, osteoclast precursors might regulate osteoclast formation through the surface receptor TLR4. It has been hypothesized that LPS alone could induce the differentiation of mouse mononuclear osteoclast progenitors into multinuclear osteoclasts and that it could maintain the survival of osteoclasts in a manner similar to that exerted by RANKL; furthermore, RANKL antagonists such as OPG did not weaken the effect (Suda et al. 2002) . These observations suggested that LPS promoted the fusion and survival of osteoclast precursor cells via a RANKL-independent pathway. However, other studies indicated that although LPS alone was unable induce the mouse mononuclear phagocyte line Raw264.7 (osteoclast precursor cells) to generate osteoclasts, osteoclast formation by Raw264.7 Figure 5 RANKL expression in the supernatants of MDPC-23 cells. At days 0, 2, 4 and 6, RANKL expression has been detected in all groups, but there were no significant differences between the LPS-treated groups and the control group at the same time (P > 0.05). However, in all of three groups, the secretion of RANKL showed significantly increased on day 2, comparing with days 0, 4 and 6 (*P < 0.05).
cells induced by RANKL occurred faster when the cells were exposed to LPS (Jiang et al. 2006b ). LPS has also been shown to increase the mRNA levels of genes characteristic of osteoclasts, such as TRAP and cathepsin K (Jiang et al. 2006b) , suggesting that LPS is involved in promoting osteoclast formation independent of RANKL. Several previous studies have reported no differences in the expression of H-ATPase, cathepsin K, matrix metalloproteinase-9 and RANKL between osteoclasts and odontoclasts, which suggested that there was a common regulatory mechanism of cellular resorption of mineralized tissues such as bone and teeth (Oshiro et al. 2001 , Sasaki 2003 . Therefore, the osteoclasts' specific markers such as TRAP and cathepsin K were used as markers of odontoclasts in the current experiments. TLR4 has been known to be expressed in odontoblasts and normal dental pulp tissue, and MDPC-23 cells highly expressed TLR4; therefore, E. coli LPS stimulation could significantly improve TLR4 mRNA expression in MDPC-23 cells (Botero et al. 2006 , Jiang et al. 2006a . The research results suggest that LPS could stimulate MDPC-23 to form more high cellular nuclear TRAP + odontoclast-like cells, increase the protein expression levels of TRAP and cathepsin K, and increase the activity of resorbing hard tissues. It can be hypothesized that LPS might be directly involved in the activation of osteoclasts through a TLR4 pathway, and further follow-up studies are planned. It has been reported that the differentiation of osteoclast precursor cells into mature osteoclasts does not depend solely on the LPS-TLR4 pathway and still requires RANKL to complete this process (Hayashi et al. 2004) . After LPS stimulation, bone marrow precursors could form mature osteoclasts and possess bone resorption activity only after pretreatment with RANKL (Hayashi et al. 2004) . Jiang et al. (2006a,b) also confirmed that, as osteoclast precursors, Raw264.7 cells required RANKL induction for at least 24 h, after which LPS could induce the formation of a small number of osteoclasts. The second day was also the time during which Raw264.7 cells began to fuse in the process of osteoclast formation. After pretreatment with RANKL for 48 h, LPS application significantly increased the number of osteoclasts and upregulated the expression level of the characteristic osteoclast genes TRAP, cathepsin K and calcitonin receptor. In this study, ELISA experiments showed that on day 2, the secretion of RANKL was significantly increased, which revealed that the second day was the most critical period for the odontoclastogenesis of MDPC-23. Therefore, it was presumed that due to their own RANKL secretion, MDPC-23 cells further generated odontoclast-like cells and began absorbing bone tissue.
Reactive oxygen species (ROS) are oxygen-containing free radicals produced by biological aerobic metabolism. ROS include the superoxide anion (O 2À ), hydroxyl radicals (-OH) and hydrogen peroxide (H 2 O 2 ), amongst others. Studies have shown that appropriate concentrations of ROS can strengthen osteoclast bone resorption ability; moreover, as intracellular signalling molecules, ROS can promote osteoclast differentiation by activating MAP kinase (Ha et al. 2004 , Lee et al. 2005 . LPS could mediate ROS generation via JNK and STAT3, thus promoting osteoclast formation and bone loss (Park et al. 2015) . The Rho GTP enzyme subfamily member Rac1 is widely expressed in mononuclear macrophages. As a component of the NADPH oxidase complex, Rac1 is responsible for the activation of NADPH oxidase and plays an important role in the production of ROS (Wang et al. 2008) . RANKL could activate Rac1 in osteoclast precursor cells. Rac1 knock-out blocked ROS production and inhibited the RANKLinduced OC differentiation, fusion and resorption function (Lee et al. 2005) , whilst fusion caused osteoclast multinucleation and volume increase and thus improved bone resorption efficiency (Miyamoto 2011) . In the present study, it was observed that 1 lg mL
À1
LPS increased the Rac1 protein expression level, promoted ROS generation and enhanced the fusion capacity of odontoclast-like cells, which led to larger multinucleated giant cells, increased numbers of nuclei and enhanced hard tissue resorption capacity.
Conclusion
The study confirmed that 1 lg mL À1 LPS could induce MDPC-23 cells to form TRAP + multinucleated odontoclast-like cells and promote bone loss whilst also enhancing the expression of the osteoclast marker proteins TRAP and cathepsin K. This effect might induce intracellular ROS generation in MDPC-23 cells and promote Rac1 protein expression. Future studies will focus on determining the concrete mechanism of LPS-induced odontoclast formation and bone loss function in MDPC-23 cells.
